The Montreal Protocol is working. Concentrations of major ozone-depleting substances in the atmosphere are now decreasing, and the decline in total column amounts seen in the 1980s and 1990s at mid-latitudes has not continued. In polar regions, there is much greater natural variability. Each spring, large ozone holes continue to occur in Antarctica and less severe regions of depleted ozone continue to occur in the Arctic. There is evidence that some of these changes are driven by changes in atmospheric circulation rather than being solely attributable to reductions in ozone-depleting substances, which may indicate a linkage to climate change. Global ozone is still lower than in the 1970s and a return to that state is not expected for several decades. As changes in ozone impinge directly on UV radiation, elevated UV radiation due to reduced ozone is expected to continue over that period.
Long-term changes in UV-B due to ozone depletion are difficult to verify through direct measurement, but there is strong evidence that UV-B irradiance increased over the period of ozone depletion. At unpolluted sites in the southern hemisphere, there is some evidence that UV-B irradiance has diminished since the late 1990s. The availability and temporal extent of UV data have improved, and we are now able to evaluate the changes in recent times compared with those estimated since the late 1920s, when ozone measurements first became available. The increases in UV-B irradiance over the latter part of the 20 th century have been larger than the natural variability.
There is increased evidence that aerosols have a larger effect on surface UV-B radiation than previously thought. At some sites in the Northern Hemisphere, UV-B irradiance may continue to increase because of continuing reductions in aerosol extinctions since the 1990s.
Interactions between ozone depletion and climate change are complex and can be mediated through changes in chemistry, radiation, and atmospheric circulation patterns. The changes can be in both directions: ozone changes can affect climate, and climate change can affect ozone. The observational evidence suggests that stratospheric ozone (and therefore UV-B) has responded relatively quickly to changes in ozone depleting substances, implying that climate interactions have not delayed this process. Model calculations predict that at midlatitudes a return of ozone to pre-1980 levels is expected by mid 21 st century. However, it may take a decade or two longer in polar regions. Climate change can also affect UV radiation through changes in cloudiness and albedo, without involving ozone and since tempera-ture changes over the 21
Introduction
UV-B radiation (280-315 nm) has important influences on biological processes, and is strongly absorbed by atmospheric ozone (in both the stratosphere and the lower atmosphere). Reductions in stratospheric ozone are therefore important because of the corresponding increases in UV-B radiation reaching the Earth's surface. While some UV radiation is needed to synthesize vitamin D, which is necessary for human health, increases in UV-B radiation are also harmful for human health, for example, for melanoma and other health effects (see Chapter 2). Increases in UV-B radiation also increase damage to a wide range of organic molecules, including DNA molecules, and generally lead to increased harm to a diverse range of biological (see Chapters 3-5), and physical (see Chapters 6-7) processes. UV-B radiation is influenced by many factors other than ozone. These include changes in clouds, aerosols, air pollution, and surface reflection, all of which are influenced by climate change. Since the publication of the 2002 UNEP Effects Panel Assessment 1, 2 there has been continuing progress in research to understand the causes and effects of ozone change. There have been no changes in our understanding of basic principles since the previous assessment, but there have been significant improvements in our knowledge of past ozone and UV radiation, which put recent changes into a better historical context. Here we assess this new knowledge of ozone changes, their effects on UV radiation, and the interactions between ozone depletion and climate change.
Generally, the damaging effect of UV radiation increases towards shorter wavelengths. In this paper we focus on the erythemally-weighted UV radiation (UV Ery ), 3 for which a 1% reduction in ozone leads to a 1.2% increase in damaging radiation at high sun elevations. 4 However, other weighting functions with different sensitivities to ozone are more appropriate for other processes. 4 In some cases, the wavelength dependence of the effects is not yet well quantified. The continued availability of spectral measurements of solar radiation will therefore be crucial to quantifying these effects.
Ozone changes
The science of ozone depletion has recently been assessed by the WMO Scientific Assessment Panel. 5 In recent years, the geographic and seasonal extent of Antarctic ozone depletion has varied greatly from year to year (Figure 1-1) , depending on the prevailing meteorological conditions. The springtime stratospheric ozone "hole" is expected to recur over the next decades, and there will continue to be a large year-to-year variability in its severity and environmental impact.
Ozone depletion is less severe in the Arctic, where there is also very large year-to-year variability (Figure 1-1) , which is expected to continue, depending on the minimum temperatures reached. With global climate change, temperatures in the Arctic stratosphere are expected to continue to decrease, increasing the likelihood of severe ozone depletion due to heterogeneous chemistry on the surfaces of polar stratospheric clouds. For every degree of stratospheric cooling, a reduction in ozone of 15 Dobson Units can be expected. 6 This sensitivity is three times larger than had been estimated previously from model calculations. Therefore, future polar ozone depletion may be more susceptible to climate change than previous models had suggested.
Ozone depletion in polar regions has an impact on the ozone depletion at mid latitudes. [7] [8] [9] For example, it has been shown that approximately 50% of the ozone depletion at mid-southern latitudes is attributable to the export of ozonepoor air from Antarctica. 8 Since the previous assessment, 1, 2 there has been increased evidence for a cessation of ozone reductions at mid-latitudes. A statistical analysis of satellite-derived ozone profiles indicated that the rate of ozone loss in the upper stratosphere (at 35-45 km altitude) has diminished globally, and that these changes are consistent with changes in total stratospheric chlorine. 11 In a follow-up study it was shown that the slow-down extended to the lower stratosphere. 12 It had been predicted that detection of any recovery in the total column of ozone, which is most relevant for environmental impacts of UV radiation at the Earth's surface, would not be expected for several years, 13, 14 because of the natural inter-annual variation in several contributing dynamical factors, [15] [16] [17] which recent studies have shown may be larger than previously assumed. [18] [19] [20] Statistical trend analyses have demonstrated that the total column amount of ozone at midlatitudes reached a minimum in the late 1990s, and since then may have started to increase. 21 At mid-latitudes, the column amount of ozone in the 2002-2005 period was approximately 3% below 1980 levels in the Northern Hemisphere, and 6% below 1980 levels in the Southern Hemisphere, 5 which is similar to that in the period ending 1998-2001. 10, 22 The observed changes in ozone are broadly consistent with those expected from changes in atmospheric chemistry that would result from the actions mandated by the Montreal Protocol. Changes in observed ozone are compared with estimated changes in effective equivalent stratospheric chlorine in Figure 1 -2. However, changes in atmospheric circulation were also found to have a substantial influence on ozone variability, especially in the lower stratosphere, 23, 24 and have contributed to a significant portion of the observed increase in ozone in the Northern Hemisphere in recent years. These dynamical changes may be a consequence of climate change. If that is the case, these interactions may be important considerations for predicting future changes in ozone. The future evolution of atmospheric ozone remains uncertain, firstly because current chemical models are unable to reproduce accurately all of the observed ozone variability, 5 secondly because the rates of future increases in greenhouse gases are not yet established, 25 and thirdly because interactions between ozone depletion and climate change are not yet fully understood, as discussed later in this document. A full recovery to ozone amounts present in the 1970s prior to the onset of ozone depletion is not expected for several decades at best.
Factors affecting UV radiation received at the Earth's surface Solar ultraviolet radiation is attenuated by interaction with atmospheric constituents in the Earth's atmosphere through absorption and scattering processes. Furthermore, its variability is controlled by astronomical factors, including those that determine the angle at which solar radiation arrives at the Earth's atmosphere and the irradiance that is distributed per unit area at the top of the atmosphere. These astronomical factors and their roles are known very accurately.
Absorption in the UV-B region is due to ozone primarily, to a lesser extent to SO 2 , NO 2 and other minor species, and also to aerosols. Scattering occurs on molecules, aerosols, and clouds. Solar UV radiation is reflected by the clouds and the Earth's surface (land and water). All these processes have been extensively investigated. Although the physical interactions are well understood, the quantitative description is incomplete. Because of their complexity, the effects of clouds in particular remain difficult to calculate. As discussed later, clouds, aerosols, and surface albedo are factors that are likely to be affected by climate change, and may therefore impact the long-term variability of surface UV radiation. The effects of ozone on UV radiation are well understood. Since the previous assessment, 1, 2 new studies have quantified the effects of other factors on UV radiation and the related uncertainties, as discussed below.
Clouds constitute by far the most important factor controlling UV radiation for any given solar elevation angle, (e.g., 26 ) and introduce a high variability in surface UV irradiance that limits the detection of influences from ozone. 27 Although clouds mainly attenuate radiation, new experimental data have confirmed results from previous studies by reporting large enhancements of UV radiation under partly cloudy skies. [28] [29] [30] [31] Enhancements up to 40% have been observed at 420 nm (blue light) when the solar disk is visible, but are smaller in the UV-B region. 32, 33 The biological importance of enhancements of UV radiation under broken clouds, which may at times be sustained for hours, must be taken into consideration.
The most relevant radiation quantity for atmospheric chemistry is the actinic flux, which is the omni-directional flux passing through a sphere, rather than the cosine-weighted irradiance on a horizontal surface (see Chapter 6, Figure 6 -2). Above clouds, localised increases of the UV actinic flux of between 60-100% have been observed. 34 Below the clouds, the actinic flux was found to be 55-65% smaller compared to clear skies. In both cases there is a direct influence on photochemistry, with consequences on tropospheric atmospheric composition. Although these effects can be adequately modelled for homogeneous and stratified clouds, it is extremely difficult to simulate broken cloud conditions adequately.
The interaction of clouds with other processes produces significant effects on radiation that either reaches the surface or is reflected to space. Increased scattering within the clouds interacts with molecular scattering, producing complex wavelength dependencies in the radiation scattered towards space and detected by satellite instruments. 35 Similarly, increased scattering by cloud droplets increases the possibility that these photons are absorbed by atmospheric constituents that are inside the cloud (e.g., ozone, NO 2 , aerosols). 36, 37 A cloud layer over snow or ice covered surfaces may substantially increase the UV dose at the surface, through strengthening of multiple scattering. A twofold increase in UV radiance from the overhead sky has been observed under cloudy conditions compared with the clear sky in Antarctica, whereas the increases in the visible and in the infrared were much larger, with enhancements of up to factor of 100 in the near infrared. 38 Aerosols and trace gases emitted near the surface of the Earth can also have large impacts on UV radiation. [39] [40] [41] Several studies have quantified aerosol radiative properties -particularly their UV absorbing efficiency -from ground based measurements of solar UV radiation. [42] [43] [44] [45] [46] [47] [48] Some satellite retrievals (e.g., TOMS) overestimate surface UV radiation by between 5 and 10% over areas with high aerosol load, especially in the presence of strongly absorbing aerosols. By combining measurements and radiative transfer (RT) modelling, [47] [48] [49] [50] methods have been suggested for applying corrections to satellite retrievals. 51 These corrections will enable more accurate satellite estimates of UV irradiance in the future.
New evidence has shown that in urban areas, aerosols and air-pollutants such as ozone and nitrogen dioxide can significantly attenuate solar UV radiation. 40, [52] [53] [54] Recent studies have shown that aerosols and trace gases from biomass burning can penetrate into the stratosphere, 55 and consequently affect its chemistry. Increases in UV-B and UV-A solar radiation observed during the last two decades in Germany and Greece 56, 57 cannot be explained by changes in ozone amounts alone, and thus it is necessary to include diminishing influences from other factors such as pollution at these sites. [58] [59] [60] Aerosols and trace gases that absorb UV radiation efficiently may provide protection to the ecosystem from UV radiation. On the contrary, aerosols that scatter UV radiation redistribute the incoming direct radiation to diffuse radiation, and therefore have little effect on the UV dose received at the surface. In the presence of such scattering aerosols, the total exposure to UV radiation is increased in locations shaded from direct sunlight. Moreover, changes in the distribution of surface radiation have important effects on the penetration of UV-B radiation into tree canopies (see Chapter 3) and aquatic environments (see Chapter 4).
UV irradiance variations can be affected by ozone changes caused by weather patterns. At middle latitudes, ozone variations, at time scales of 1-3 days, depend primarily on the scales of atmospheric motions related to weather systems, while ozone sources and sinks play a minor role. Several examples have been reported where dynamical mechanisms have led to the formation of short-lived episodes of extreme total ozone values.
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Limitations in modelling UV radiation
The great complexity and heterogeneity of cloud structure cause difficulties for their accurate parameterization, despite the progress that has been recently achieved (e.g., 34, 63 ). Similarly, the effects from topography, surface albedo for snow-or ice-covered terrains, have also been investigated. However, accurate representation of the actual radiation field is very difficult, requiring three-dimensional RT modelling, which is expensive and time consuming. Most RT models do not yet account for polarization effects, which can be important for estimating the UV radiation, especially in unpolluted conditions. Influences on satellite-derived UV radiation of aerosols and trace gases in the lower troposphere are well understood, but the implementation of procedures for eliminating these effects depends on the availability and spatial extent of additional information gathered near the surface (e.g., aerosol optical properties from measurements or from climatology). 48, 49 Information on aerosol optical properties is available at only a few sites and is derived either directly from measurements or indirectly with the aid of radiation measurements and model calculations. There is usually no information available about aerosol extinctions in the UV-B region. Tropospheric NO 2 may also affect satellite UV retrievals and retrieval of aerosol properties from ground-based radiation measurements. 64, 65 The variability of aerosol optical parameters (e.g., the single scattering albedo and phase function of the aerosols) with altitude, which are important in RT modelling, is known only from in situ measurements that are generally rare. New methodologies are required to derive these parameters at different altitudes by remote sensing techniques (e.g., 45 ).
Air pollutants are generally efficient absorbers of UV radiation. Because they are extremely variable in time and space, their influence on the UV radiation received at the surface is important for determining the exposure of the biosphere in urban areas. Of particular importance is the role of tropospheric ozone which may increase as a consequence of stratospheric ozone reduction, which leads to increased photochemical production in the troposphere (the so called "self-healing" effect).
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The global distribution of UV radiation UV data are available from satellite-borne sensors such as the new Ozone Monitoring Instrument (OMI) on NASA's Aura satellite, which supersedes the older Total Ozone Mapping Spectrometers (i.e., the TOMS instruments). 66 The retrievals of UV irradiances are from model calculations using derived ozone and cloud reflectances. Sample maps are shown in Figure 1 -3, which show a strong peak in UV daily doses at the sub-solar latitudes, near 20ºN in June and near 20ºS in December. This is expected because solar elevation is a strong determinant of UV, and because ozone amounts are generally smaller in the tropics. Outside the tropics, the daily doses of UV radiation decrease markedly as one moves towards the poles, and there are large seasonal variations at mid to high latitudes. Although ozone depletion is most severe in Antarctica, the UV doses there are not particularly high during December (though still elevated substantially compared with the Arctic in June). However, in late spring, the peak UV irradiance, as well as the daily doses, can exceed even the peaks of the corresponding values observed at mid-latitudes. For example, in the spring of 1998, the daily doses of erythemally weighted UV irradiance measured by the National Science Foundation (NSF) network of spectrometers at several Antarctic stations, including the South Pole (where there are 24 hours of daylight in summer), greatly exceeded those that occurred in the summer at San Diego (see chapter 5 from 10 ). The highest daily UV doses (and peak irradiance) occur in the tropics, and at high altitude sites, particularly when snow is present.
Recent ground-based measurements have confirmed that, in rural locations, the peak erythemally-weighted UV irradiance (or UVI values, where UVI = 40 x UV Ery in Wm -2 ) 2, 22 are typically 40% greater in the southern hemisphere than at the corresponding latitude in the northern hemisphere. 67 Similar differences are also apparent in the mean summer UV irradiance from spectrometers. Such marked differences are not seen in UV data from satellite instruments that utilize backscattered ultraviolet radiation (e.g., TOMS, OMI) because these sensors do not adequately probe the lowermost regions of the atmosphere where aerosol and cloud extinctions are most important.
1 Previous studies have shown that altitudinal gradients in UV irradiance are largest in the lowest kilometer or two. 67, 68, 69 Long-term changes in UV
Measured changes
The long-term variability of surface UV radiation has been studied using measurement records and model simulations of past UV irradiance based on proxy data, which are available for several decades back in time. In most cases, these proxies include total ozone, shortwave solar radiation, and cloudiness. Depending on the location, sunshine duration, snow depth, and aerosols may also be included, as discussed below.
Increases in surface UV irradiance in the 1990s have been observed from spectral measurements at a few stations in the northern hemisphere. This is evident, for example, in the updated record of Thessaloniki, Greece (up to end of 2005), 70, 71 at Hohenpeissenberg, Germany 72 , and at Bilthoven, The Netherlands. 73 The continuous increase in surface UV irradiance, even at longer wavelengths, during the 1990s cannot be explained only by ozone depletion. It is attributed, in part, to reductions in atmospheric pollution leading to less aerosol extinctions, 74 and to decreases in cloudiness. 72 The period since the ozone stabilised at mid-latitudes is too short to reveal unequivocal changes in UV radiation. However, data since the late 1990s from one Southern Hemisphere site, where ozone does appear to have increased, indicate that surface UV radiation may be decreasing (see Figure 1-4) . 75, 76 Note however that, in these data, there is an unexplained decrease around the turn of the century, which exaggerates the decreases in UVI since that time. At higher latitude southern hemisphere sites, the natural variability is generally much larger, masking any trends in UV. 77, 78 Examples of long-term changes in UV irradiance from high quality spectrometers are illustrated in Figure 1 -5. The summertime UV irradiance generally increased over the observation period, but in some cases, especially in the Southern Hemisphere, there have been decreases in recent years. The larger gradient at Lauder can, in part, be attributed to the lower sampling frequency prior to 1994, when observations were made only during fair weather. Further, in the period between 1994 and September 1998, no data were taken during wet weather.
Long-term measurements of UV radiation with broadband radiometers were reported for Moscow, Russia (1968-2003) 53 and for Norrköping, Sweden , 79 which show an overall increase towards the late 1990s. Some of this increase is due to ozone reductions. However, decreases in aerosol optical thickness and effective cloud amount during this period 80, 81 have also occurred, and have led to increases in irradiance at longer wavelengths which are unaffected by ozone. Long-term changes in UV Index averaged over the three summer months for all weather conditions within ±1 hour around local noon measured at 11 sites distributed worldwide. Linear regressions on the data (straight lines) were used to estimate the corresponding linear trends. This figure was prepared using updated series of published UV datasets. The significance level (** for 99%, and * for 95%) was calculated from the data variability only, neglecting the uncertainties in the measurements. Note that periods for the trends differ from site to site. Adapted from Reconstructed time series of UV irradiance, extending several decades back from the start of the ozone depletion, are now available. 40, 73, 82, 83 For example, a method for estimating daily erythemal UV doses using total ozone, sunshine duration, and snow depth has been developed and applied at Sodankylä, Finland for the period 1950-1999. 84 The longest reconstructed time series of UV irradiance to date is from Davos, Switzerland, starting in 1920s when ozone measurements first became available. 85 This series demonstrates fluctuations in surface erythemal dose of similar magnitude to those observed since the late 1970s when the problem of human-induced ozone depletion began, and satellite derived ozone data became available (see Figure 1-6 ).
The changes deduced from reconstructed historical UV irradiance records, and from direct observations in recent decades, reflect those expected from changes in ozone and atmospheric transmission (since ozone changes are an input to the retrieval). Measurements of UV irradiance at various locations over northern midlatitudes show that surface UV irradiance has increased in the 1980s and 1990s as a consequence of ozone depletion and increasing atmospheric transmission. 53, 58, 71, 73, [84] [85] [86] Radiative transfer calculations have also been used to determine past UV irradiance from routine observations of total ozone, aerosol, albedo, and clouds at two locations in Central Europe, Würzburg, and Hohenpeissenberg. 87 The results show that, at these sites, UV-B radiation has increased over the period 1968 to 2000. Because there were supporting data records for cloud cover, aerosol and albedo in this study, the increase in UV-B irradiance could clearly be associated with a reduction in stratospheric ozone. Depending on the action spectra for specific effects, increases in the annual UV exposure are ~ +2 % to +5 % per decade. Regional differences have been found in the influence of clouds on UV radiation. For example, the UV-B irradiance increase due to ozone reduction is enhanced by clouds by about 1% per decade for Hohenpeissenberg and reduced by nearly the same amount for Würzburg.
From the above discussion it appears that UV radiation at the surface has been changing in the last three decades at rates (and even signs) which vary over time and between sites. The changes have been attributed in part to decreases in total ozone column, but other factors such as changes in clouds and aerosol are also important. Since the beginning of the 1990s, there have been indications that atmospheric transmission in the northern hemisphere has been increasing following reductions in cloudiness 88 and aerosols 86 which would have amplified any increases in UV irradiance attributable to ozone depletion. 
Possible changes that precede the instrumented record
To assess more fully the present changes in ozone and UV-B radiation and their effects, it is desirable to gain knowledge about their historical long-term, non-anthropogenic changes. For example, it has been speculated that ozone depletion has been one of the factors contributing to large extinctions of organisms, such as that which took place 251 million years ago. 89, 90 There have been speculations that damage to the ozone layer may have occurred 65 Myr ago, as a result of widespread combustion of biomass following a large meteoritic impact. 91 These authors estimate that the concentrations of organic chlorine and bromine may have been an order of magnitude greater than at present, resulting in ozone loss and increased UV radiation which could have damaged life on Earth. However, there is no proof that this contributed to any biospheric extinctions.
To assess possible changes, biological proxies for UV-B radiation have been considered using lake sediments 92, 93 (see Chapter 4). Analyses of plant pigments 94 have had limited success so far. It has been suggested that changes in UV-B radiation due to ozone depletion may have been responsible for a departure in the relationship between tree rings and temperature over the period since the 1970s. 95 . However, the changing behaviour seems to precede the period of most significant ozone depletion, and may be due to other factors. One possible factor is the decreasing irradiance due to increasing cloud and aerosols that occurred over this period, sometimes called "global dimming", 88 a trend which may have reversed to a "global brightening" since the late 1980s. 86 Further work on biological proxies for past UV-B radiation is currently being conducted by several groups, and reliable results may eventually be produced. Promising attempts include the chemical composition and structure of pollen grains and spores. 96, 97 The UV-B irradiance depends not only on the ozone layer and other atmospheric properties (clouds, aerosol), but also on the variable emission of the sun 98 and the variable geometry of the solar system. 99 Although several proxies for past solar emission exist, and though modelling and comparison with other stars can provide further information, the uncertainties remain great, and published values must be used with caution.
In a very long-term perspective, 100 calculations based on the oxygen content of the atmosphere 101 can give some information about the historical development of the ozone layer, as can measurements of the isotope composition of certain minerals (reviewed by Rumble 102 ). In turn, these provide information about past UV radiation. Quantitative information about the ozone layer in the early 20th century can be obtained from the study of historic spectrographic plates used in astronomical studies. 103 This offers the promise of more accurate estimation of UV radiation prior to the 1920s at a few sites.
Interactions between ozone depletion, UV radiation, and climate change
Interactions between ozone depletion and climate change have recently been assessed and summarized in the IPCC/TEAP report. 25 Further details regarding these interactions are given in Chapter 1 of the full IPCC Report. 104 A recent review has also been undertaken by the WMO. 105 These interactions can be complex, and they can act either way, with ozone depletion impacting on climate change, or with climate change impacting on ozone depletion. The interactions can involve chemistry, radiation, and dynamics, as well as feedbacks between those three processes. Examples of climate change affecting ozone through dynamical feedbacks have been discussed already (see section on ozone changes). Some of these feedbacks are summarised in Figure 1-7 . See Chapter 5 for further details on interactions that involve biogeochemical feedbacks.
Impacts of climate change on ozone depletion
Impacts of climate change on ozone depletion have been further explored, but there is not yet a consensus on whether the overall effect will be to delay or accelerate ozone recovery. Some processes would result in slowing of ozone recovery, 6 , 107 while others would result in an acceleration. 108 Ozone-depleted air exported from polar latitudes comprises a significant portion of ozone losses at mid-latitudes [7] [8] [9] . This has negative implications for future ozone recovery at mid-latitudes: since further cooling of the polar stratosphere is expected as a consequence of global climate change, the cooling will be conducive to further rapid loss of ozone.
Changes in atmospheric circulation (dynamics) seem increasingly important for ozone variability. [109] [110] [111] [112] For example, strong links have been found between stratosphere/troposphere exchange and the El Nino Southern-Oscillation (ENSO) climate pattern. 112 Model simulations show that much of the ozone increase seen in recent years at mid-northern latitudes can be explained by changes in dynamics, rather than being caused solely by reductions in atmospheric chlorine and bromine. 23 This has important implications for our confidence about future ozone recovery.
Ozone heats the stratosphere by absorbing incoming solar energy and outgoing infrared radiation from the Earth's surface. A significant component of the observed stratospheric cooling (-0.17 °C/decade) can be attributed to ozone depletion, rather than being solely a radiative effect of climate change. 113 Therefore, if ozone amounts were to increase in the future, this would tend to warm the stratosphere, diminishing the future cooling there due to increasing greenhouse gases (GHG). The warming effect would aid further recovery of the ozone layer in polar regions where heterogeneous chemistry on ice crystals dominates the ozone loss processes, but would have the opposite effect in other regions where gas-phase chemistry dominates. Consequently, the future impact of climate change may aid ozone recovery at mid-latitudes.
An analysis of four decades of ozone sonde data in Antarctica concluded that, while ozone depletion has been less severe in recent years, this cannot be necessarily linked to any recovery attributable to reductions in chlorine. 114 That result supported an earlier study, 115 which demonstrated that reduced Antarctic ozone loss during 2001 to 2004 is a consequence of warmer springtime temperatures at altitudes between 20 and 22 km in recent years.
Recent model calculations that include climate feedbacks suggest that, because of these interactions, ozone is expected to return to pre-1980 levels somewhat later in polar regions than at mid-latitudes. However, the observational evidence available so far suggests that these interactions have not yet introduced large delays in ozone recovery (e.g., see Figure 1-1 and 1-2) . As discussed above, there is evidence that ozone has already started to recover at mid latitudes. In recent years, springtime ozone losses in Antarctica have generally been less severe,* but this has been attributed to increased temperatures in the lower stratosphere, which in turn may be attributed to changes in circulation patterns that have resulted from global warming. 114 In contrast, in the absence of changes in circulation patterns, climate change is expected to cause lower temperatures in the Arctic stratosphere, which will, in turn, lead to a greater probability of rapid ozone depletion on the surfaces of ice crystals.
The effects of climate change on ozone depletion may be most pronounced -yet least understood -at high latitudes, 116 where springtime ozone losses are expected to continue. 117 In polar regions especially, interactions with global warming complicate the recovery. Increases in water vapour and cooling of the stratosphere will be more important than elsewhere. Further, we have less confidence in the performance of models in this region, which tend to overestimate ozone concentrations and underestimate the ozone loss. The ozone loss depends critically on temperature. In polar regions, changes in climate (surface temperature) can trigger changes in circulation which affect ozone. Conversely, changes in ozone lead to changes in stratospheric temperature, which, in turn, may lead to changes in circulation which can trigger changes in climate.
Finally, one cannot simply assume that effects of climate change on ozone and UV radiation will continue at the present rate. According to recent assessments of climate change, 118 the average rate of surface temperature change over the 21 st century is likely to be about 5 times that in the past century. Consequently, unless strong mitigation measures are undertaken with respect to climate change, profound effects on the ecosystem and on the solar UV radiation received at the Earth's surface could be anticipated. 
Impacts of ozone depletion on climate change
Changes in ozone and UV radiation can potentially influence climate through impacts on tropospheric photochemistry, as discussed in Chapter 6. Observational data and a new modelling study have both suggested that decreases in stratospheric ozone in Antarctica have led to climatic changes both in the stratosphere and at the Earth's surface. These changes in ozone have led to increased westerly winds at latitudes 50 to 60ºS. This, in turn, has resulted in a surface cooling in Antarctica and a warming at high latitudes outside the Antarctic continent. 119 Changes in atmospheric temperatures lead to important changes in modes of atmospheric circulation, in particular the North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO). These are responsible for large scale redistributions of atmospheric mass, which produce large scale variability in NH dynamics, and have a profound effect on winter climate variability around the Atlantic basin. Temperature increases in the troposphere as well as temperature decreases in the stratosphere both contribute to these changes. 110, 111 A potentially important impact of changing ozone on climate has been proposed recently to explain the strengthening of the NAO in recent decades. 120 This strengthening has altered the surface climate in these regions at a rate far in excess of global mean warming. Although weak NAO trends are reproduced in climate simulations of the 20 th century, the unexplained strengthening of the NAO was fully simulated in a climate model by imposing observed ozone trends in the lower stratosphere. This implies that stratospheric variability needs to be reproduced in models to fully simulate surface climate variations in the North Atlantic sector.
As discussed further in Chapter 5, climate change can also be mediated through UV-induced changes 121 in dimethyl sulphide (DMS), a substance emitted from oceanic phytoplankton that can modify the reflectivity of the atmosphere.
Other factors that may affect ozone depletion and climate change
As discussed previously, volcanic eruptions, and long-term periodic variations in planetary motions can directly affect UV radiation, ozone, and climate. Changes in solar activity may also be important. Solar UV radiation arriving outside the Earth's atmosphere follows an 11-year cycle. Counter-intuitively, when the solar activity is highest, UV-B radiation at the surface has a minimum due to the increased production of ozone. Recent studies have demonstrated that the changes in solar UV radiation can also induce changes in some modes of atmospheric dynamics (e.g., the Southern Annular Mode (SAM), and the AO). 122, 123 Interactions with solar activity may also be more important for ozone depletion and UV irradiance increases than previously thought. 71, 122, [124] [125] [126] [127] [128] [129] Recent modelling studies have shown larger effects of increased CFCs, HCFCs and other halocarbons (and their effects on ozone) on tropical tropopause temperatures than had previously been calculated. 130 These temperatures are critical because they control the amount of water vapour entering the stratosphere, which in turn is converted to OH which then destroys ozone through catalytic cycles. The model indicates that the halocarbons have led to temperature increases in that region of about 0.4ºC over the last 50 years, which exceeds the cooling effect from the major GHGs. The fact that this region has actually cooled implies that other factors that are not included in the model must also be important. These could include increases in cirrus cloud, increases in water vapour (both of which have been observed), or increases in the strength of the mean atmospheric circulation. The model also shows that the indirect effect of ozone depletion in the stratosphere at mid to high latitudes has offset approximately half of the global surface warming to date. Consequently a slightly faster rate of surface warming is predicted in the future as ozone recovers.
Interactions between different regions of the stratosphere may also be important. Even in the event of a complete recovery in chlorine, ozone in the lower tropical stratosphere will not recover before ~2050, because of a reduction in UV irradiance due to more-rapidly increasing ozone at higher altitudes 131 . This can be thought of as a reverse example of the well-known "self-healing" effect for ozone, whereby ozone losses at high altitudes are partially compensated by ozone production from increased UV irradiance at lower altitudes. In some cases it is not obvious whether changes in ozone are driving changes in dynamics, or whether changes in dynamics are causing changes in ozone. 112 Although there is speculation about the effects of climate change introducing lags to ozone recovery, the observational data so far suggests that global ozone may, in fact, be increasing faster than expected, given the estimated rate of decrease of Equivalent Effective Stratospheric Chlorine (EESC).
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Future changes in methyl bromide and methyl chloride emissions resulting from climate change may also be important. Methyl bromide constitutes the largest source of bromine atoms entering the stratosphere and therefore plays an important role in the depletion of stratospheric ozone, 132 and thus on UV radiation. The major source of methyl bromide is natural, but a significant fraction (about 20%, and reducing) is man made.
5 Methyl bromide emissions from rice paddies will increase appreciably with global warming, 133 (see Chapter 5).
Future expectations
The future pathway for UV radiation is uncertain because the pathway for ozone recovery is uncertain. As reported in recent assessments, 5, 25 there are wide variations between models that predict future ozone, and there are large discrepancies between past measurements, and model simulations of the past (see Figure 1-8) .
A recent study of trends in total column ozone from several models and from satellite observations from the period 1979-2003 found large discrepancies between the models and measurements. 134 The observed positive trends in both hemispheres in the recent 7-year period are much larger than predicted by the models. Most models underestimate the past trends at mid-and high latitudes. Quantitatively, there is much disagreement among the models concerning future trends. However, the models agree that future ozone trends are expected to be positive and less than half the magnitude of the past downward trends.
Substantial research efforts in the 1980s and 1990s have advanced our knowledge about solar UV radiation and its interactions with the atmosphere and biosphere. In recent years, there have been significant improvements in instrumentation technology and radiative transfer modelling which have helped our understanding of the various processes relevant to UV radiation. There are still areas where further development is needed. Important effects on UV radiation may be expected from long-term changes in ozone, clouds, and aerosols. According to the predictions of climate models, column ozone is expected to increase during the next decades. The response of surface UV radiation solely due to changes in ozone can be estimated from RT model calculations. Such estimates are shown in Figure  1 -9, where any direct or indirect effects from clouds and aerosols are neglected. The ozone losses calculated by this model are larger than observed, especially in the Southern Hemisphere. Therefore, the corresponding increases in the calculated UV irradiance are overestimated. At mid-latitudes surface UV irradiance is predicted to peak between about 2000 and 2010 and is expected to return to the pre-1980 levels between 2040 and 2070, but the these phases occur later at the southern high latitudes. Figure 1-9 also shows that the predicted changes in UV irradiance are significantly larger in the southern hemisphere than in the northern hemisphere.
Despite the great progress that has been made in the last decade in understanding the relations and interactions of surface UV radiation with atmospheric composition and structure, there are still areas where scientific research is not sufficiently advanced. There is lack of widespread observational evidence, especially in the tropics and in urban environments, to quantify the influence of tropospheric ozone, aerosols, and other pollutants on surface UV radiation. Knowledge of interactions between climate change and UV radiation will improve as more modelling studies and observational evidence become available. 
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